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A SEPARATION PRINCIPLE FOR AUTOllATIC CONTROL SYSTEMS DESIGN 

R. Su* and I.. R. HuntH 

A B S W T .  L lner r l ra t lon  and feedback are two classical techniques fo r  
a u t a w t k  control systems design. They. however, do not resu l t  I n  control lers 
thich can dr ive highly nonlinear systems to  fol low rapidly varying trrjec- 

tor le t .  A new rpporach has been developed i n  II  WAU project: Total ly Auto- 
w t l c  F l l gh t  Control Systems. TWO key ideas are underlying the m nrthod. 
F l r r t l y .  nonl i lmr i ty-preserving t r t n s f o m t i o n  i s  used to l inear ize system 

Qynwlcs f o r  f a c i l i t a t i n g  l inear  control ler design. kcondly. control ler  
design hrs two parts: thc steering control ler  which does the bat lc  plamlng 
and control a d  the regulating control ler docs the necessary c o r r c c t i m  duc 
to dirtw&nces md .odsl l lng error. This a r t i c l e  cqhrrircr the second idea, 
&I& I s  u l l ed  the separation pr lmlple.  The advantage of I contml le r  
dcslgned on thlr p r l m l p l e  I s  daonstrated by shawlng tha t  the c l 8 s r l u l  
trrboff Of fOllOw(ng md SMSftiVfty. r+ductIon I S  1argl ly 8 d b d .  

1. INlRODWIOM. A msoarcb project a t  W k s  Rcrcrrrh Center ulld 
T o t r l l y  k t a r t l c  F l l gh t  Control f r s t r r  has mantly 8ttf'uted m& 8tWatlon 
amg the moarchen I n  the catrol c l t y .  The W u t l v e  of thlr poj.ct 
IS to b t g n  -tic mgt control lers am -18 H p ~ ~ o t i i  tlli L* 
vehicles to met fllght tr8jectay UogwouslY 9 lm.  -* l th#~ thi* 
Wl sounds rldlar to tkt of omntlonrl rutopllott. thr C l . r r l e r 1  blgl 
tdnlqwr h e  p l w d  to be Indqate  kwrc thr cbllow(ag sl&ar am 
frad flvcos: .>  ' * \  

(1) I)r W&lClU t0 k C O f l t d h d  8m I l g h l Y  # lhW'.  

fro 

' 

(2) Fast raspoms am to be Khlrvod. ' 
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The d i rect  input dr iv ing the system i s  obtained ind i rect ly  as the output o f  

the control ler. During design great effort must be spent i n  unavoidable 
tradeoffs among the sens i t i v i t y  of the closed-loop system t o  disturbances. 
sens i t iv i ty  to  measurement noise. steady-state error, and the speed o f  the 
response. 

center around l inear  systems. Ordinarily a nonlinear system needs t o  be 

l inearized by a series expansion and truncation o f  second and higher order 
terms. Nith the system model being l inearized a t  several chosen operating 
points. a global nonlinear d e l  i s  approximated by a f i n i t e  set of local 
l inear  models. L i n a r  techniques a n  then applied t o  design a local l inear  
Controller for each such -1. l o  successfully control the whlc le .  the 
local control lers need to be t ied together. A procedure generally k m  as 
gain schtdulhg i s  used f o r  switching from ow contro l ler  to another rhcn the 
system's state mves across various boundaries. 

Most of wr understanding o f  and design techniques f o r  feedback design 

2. TOTAL AUTWTIC FLIW CONTROL SYSTEMS (TAFiFcos). TAFCOS was intro- 
duced t o  attack the problea o f  autawt ic  control o f  a i r c r a f t  having short 
t a k e o f f  and l a d i n g  capabil i t ies 111. The vehicles are highly nonlinear and 
the automatic cont ro l le r  must be designed t o  take advatnage o f  t h e i r  nonlinear 
dynmics. 
tiom such as t a k e o f f  or landing, a great u n y  l i nea r  models are rcquircd. 
The typ ica l  m u l t  i s  a large set of l inear  control lers and a very cap l l ca ted  
gain-scheduling s c h a .  Moreover. the nonlinear operation rap id ly  leads the 
system from one l inear  locrlity to another. The control lers must produce very 
fas t  responses, and t h i s  i s  d i f f i c u l t  t o  be achieved by the fixed-structure- 
driven-by-error control lers due to the tradeoffs involved i n  deslgn. 

Motivated by these d l f f i c u l t l e s  TAFCM proposes two new design ideas: 
(1) Instead o f  designing control lers based on local l i m a r l t y .  a nonlinear 

t r m s f o r u t i o n  o f  the s a t e  variable and input I s  s-t so that the 
nonlinear dynwics b e c a s  l inear  i n  terms o f  t r a n s f o m d  state and 
input. If th ls  can be don. a canonical l inear  system can be fixed 
as the target o f  th ls transfornation; the transfonaatlon w i l l  re f lect  
the ind iv idual i ty  o f  the nonlinear system. but the l inear  dynamics i s  
invariant. 
canonical l inear  model. 

input that drives the system t o  best f i t  the comand. and the other 
guarantees that the system stays on cwrse  i n  sp i te  o f  disturbances. 
modelling error, etc. 

I f  c lass ica l  l inearization i s  applied f o r  highly nonlinear opera- 

Linear control ler design can then be based on t h i s  

(2) The contro l ler  i s  corpased of two parts: ow canputes the basic control 
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To i l l u s t r a t e ,  a generic des ign  structure of TAFCOS i s  depicted i n  Figure 1. 

where (x.u) and (y,v) a r e  the respective states dnd controls for the non- 
l inear dnd llnedr systems. 

Figure 1 

Here T repments the transfwvtion fra the nonlinear system to the linear 
systen. and T-' i s  t t s  inverse.  ~ h c  outputs vo a d  yo f r o  Controller I 
are thc hslc control and the tr4ectory to be folland. The vehicle's tra- 
ftcW x i s  tnnsfomed to y and IS compared with yo to fom an e m  
e. Controller 11 I s  d r l m  by e to generate correcting control Av. lhe 
s a  v - v + Av 1s tmluforrd b c k  to the natural control u of the system. 

The tnnsfonrtlon aspect of TAFCOS design has been vlgotwsly studied by 
authorr. Useful m u l t s  can be found I n  references [2.3.41. In the mt 

of the article we rrnt to discuss the controller design of TAfCOS, whlch i s  
pmbably the mom 1-t idea d the two ideas for TAFCOS mtioned earller. 

3. f ~ p ~ ~ ~ f i o l l  m x m u  POR canmua mxm. TO mrpituiatc rhrt  we 
a t l a w d  euliorn conrrrtlut m c k  controller (for stmt(ng a rchlck 
to uet r) I s  &sim a thr f o l l d n g  principles: 

(1) I t  I s  .nrplcb(ven. 
(2) krlm speslfilutionr am ~ l r a l r t e d  Into strvcturrl r r q v l m t s  for 

the clow6loap *tu lvch as pol.-ab-aco m g u r r t i o n .  S t d l l i Q  
r r g l m .  e. 

(3) lhe fmctloll of the controller to steer the vehicle to aeet coy(IQ 1s 
daw by mgulating the m r  signrl. and s a t l s f r c ~  regulatlon i s  
accoqllshed by structrrl  design. 

In TAFCOS design a fundratrlly dlffercnt set of concepts 1s adopted. and 
provides us with 'the sepwrtian prlmiple for controller design' and states 
as follarr: 

(1) k r i c  steering and regulating should be accaplished by two sepmntd 
control 1.m. 
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( 2 )  The steering contro l ler  i s  t o  be driven by the connand and generates 

a basic control and the resulting response of the system. 
that meets the carmand and together wi th  the control are acceptable 
(or even o p t l m l )  on the basis of a p r i o r i  knowledge about the system 
and the environment such as system model and noise model. 

(3)  The regulating contro l ler  i s  error-driven and regulates the system t o  
fol low the trajectory generated by the steering contro l ler  by contr i -  
buting an incremental control t o  the t o ta l  control. 

(4) The to ta l  input t o  the system i s  a suo) o f  the basic control generated 
by the steerlng contro l ler  and the i n c m n t a l  control. 

I n t u i t i v e l y  speaking. the steering contro l ler  controls the system based on 

The response 

our knowledge. and the regulating control ler controls the system to reduce the 
l w c t  o f  *at w do not  know. 

This design structure has uny advantages: 
(1) The corputation i n  the steering contro l ler  i s  basical ly f ree from the 

enviromental disturbances and r a s u r a n t  noise. As a resu l t  w have 
lore freedm i n  i t s  design. 

deslgn. 
Hcnever an exceedingly large error  between the actual state and the 
t r r jec to ty  to be f o l l d  i s  encountered. the steerlng contro l ler  can 
be instructed to recalculate an acceptable t ra jectory  within the physi- 
ca l  capabi l i ty  o f  the system. 

(3)  The steering controller un also be equlpped w i t h  other capabl l i t lcs  
such as adaptiveness to cope w i t h  changes i n  system's parameters. 

A l t h o u g h  there arc standad tcchniqucs f o r  regulator design. the design o f  
steering control lers as such I s  a uide-opcfi problm. Cumntly. NASA 
mcaKhcrs UT exper iwnt lng with the Ideas o f  f i x e d  fctdbrck structure 151. 
and o p t i r l r a t l o n  161 In th i s  design p d l a .  These are by 110 means the only 
p o s s l b i l i t i a .  
p le te ly  fm fm the t r a d l t i a u l  a t t i tudc o f  regu la tw design. 1s needed. 

To conclude th is  a r t i c le ,  I d a m s t r a t e  a benefit o f  the scparation pr in-  
c l p l e  by showing that  the ClJSSiCal c o n f l i c t  between low sens i t i v i t y  and fast 
response can be largely  avoided i n  TAFCOS control lers. 

Let us consider the problem o f  designing an d U t o l a t l C  posit ioning contro l ler  
for a system having transfer function C(S) .  
feedback I s  sham i n  Figure 2. where C(s)  

(2) X t  i s  easy to prevent the actuator from saturation w i t h  such 

It i s  f e l t  tbat a new look a t  thls problem. which 1s cam- 

A classical design w i t h  un i ty  
i s  the control ler. 
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Figure 2 

The system's response y t o  the cotmnand y* can be expressed as 

y'cGy*-- CG 1 
1 t CG l + C G " * I + C G d  * 

where 11 i s  the measurement noise and d the disturbance. A classlcal 
c o n f l i c t  ex is ts  between high loop gain t o  achieve good camnand fol lowing and 
low loop gain I n  order not to  aggravate the measuracnt noise. 
be seen by n o t l d n g  tha t  i f  

This can 

vhich d u c e s  the er ror  ktmn y a d  P, but also l e t  9 f ree ly  pass to 
tht response y. 

The conf l i c t  can be reduced by a TAROS contro l ler  design described I n  
Figure 3. 

Figure 3 

llrrr the sfitam frm p tu yo I s  a steering control ler. dtich I s  desim 
4th a lodtl n of the 6. s . m  8s the basic control of 
thc wtr. Y r r k  tlut the fee&& st ructure imide the steering con- 
trol1W dth 1 bl& 5 
fused w i t h  the actual frcdb.ck. ihc block C2 rcpmmts tht fndbrck 
regulat ing control ler. Caputlag, the response y can be expressed as 

I t s  output uo 

I S  a capr ta t lona l  Sd#c. rrhlch tkould not  k CUI- 

c26 + 1 d  . H'l6 + C26 C H 
1' .1 e - -  

1 + C26 1 + CIH 1 + 5 6  1 + C26 
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To analyze th i s  consider the ex t reme case when H = G. that i s ,  we have 
a precise model of the plant. The expression i s  s impl i f ied to 

'I=- ' d .  
1 + CIG l * C 2 G  1 *C2G 

It i s  easy to see that  the design consideration o f  cormund fo l l a r i ng  i s  cm- 
p lc te ly  decoupled from t h a t  of reduction of  sens i t i v i t y  t o  the measurement 
noise. Even when the lpodcl does not exactly match the plant G. which i s  
almost always the case. the extra paramter lntroduced by 
mre fmdan i n  design than the classical approach. 

C1 s t i l l  provides 
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